Embryonic stem cells (ESCs) have both the ability to self-renew and to differentiate into various cell lineages. Retinoic acid (RA), a metabolite of Vitamin A, has a critical function in initiating lineage differentiation of ESCs through binding to the retinoic acid receptors (RARs). Additionally, the Wnt signaling pathway plays a role in pluripotency and differentiation, depending on the activation status of the canonical and noncanonical pathways. The activation of the canonical Wnt signaling pathway, which requires the nuclear accumulation of β-catenin and its interaction with Tcf1/Lef at Wnt response elements, is involved in ESC stemness maintenance. The noncanonical Wnt signaling pathway, through actions of Tcf3, can antagonize the canonical pathway. We show that RA activates the noncanonical Wnt signaling pathway, while concomitantly inhibiting the canonical pathway. RA increases the expression of ligands and receptors of the noncanonical Wnt pathway (Wnt 5a, 7a, Fzd2 and Fzd6), downstream signaling, and Tcf3 expression. RA reduces the phosphorylated β-catenin level by 4-fold, though total βcatenin levels don't change. We show that RA signaling increases the dissociation of Tcf1 and the association of Tcf3 at promoters of genes that regulate stemness (e.g. NR5A2,Lrh-1) or differentiation (eg. Cyr61, Zic5). Knockdown of Tcf3 increases Lrh-1 transcript levels in mESCs and prevents the RA-associated, ∼4-fold increase in Zic5, indicating that RA requires Tcf3 to effect changes in Zic5 levels. We demonstrate a novel role for RA in altering the activation of these two Wnt signaling pathways and show that Tcf3 mediates some actions of RA during differentiation.
Introduction
Embryonic stem cells (ESCs) are pluripotent and self-renewing cells that can differentiate into all three primary germ layers by using both extrinsic and intrinsic factors. Current research involving ESCs has demonstrated their importance in the mechanisms of lineage commitment, disease initiation, and cell therapy (reviewed in [1] ). Retinoids, which consist of vitamin A and its derivatives, are signaling molecules that control aspects of embryonic development and cellular differentiation [2] . The biological effects of all-trans-retinoic acid (RA), the major bioactive retinoid, are mediated by its binding to retinoic acid receptors (RARs) and retinoid X receptors (RXRs) that then bind as heterodimers at specific DNA sites, known as retinoic acid response elements (RAREs) [3] . In the nucleus, RA binds to heterodimers of either RARα, β, or ϒ and RXRα, β, or ϒ, which initiates the modification of chromatin structure, changes the status of various epigenetic marks, and alters the regulation of various signaling pathways [3] . Also, RA can mediate its effects through secondary targets, which are activated by RA in an indirect manner. Both primary and secondary response genes can regulate various physiological processes, such as reproduction, embryonic development, epithelial differentiation, tissue repair, and immune function [4] . Additionally, RA has been used extensively for the treatment of various malignancies, such as neuroblastoma, acute promyelocytic leukemia, oral cavity cancer, non-small cell lung cancer, and metastatic breast cancer [5] .
In addition to the role that RA and other retinoids have in ESC differentiation, Wnt signaling has been shown to act in concert with retinoid signaling [6] . Wnt ligands and their associated receptors act to regulate several cellular processes, such as embryonic cell differentiation, modification of cellular polarity properties, and determination of cellular fate [7] . However, the role that Wnt signaling has in regulating ESC pluripotency and differentiation is somewhat controversial. Several studies have demonstrated that activation of the Wnt signaling pathway can lead to differentiation [8] , whereas other studies show that its activation maintains the pluripotent state [9, 10] . In ESCs, Wnt ligands transduce their signaling effects through their corresponding Frizzled (Fzd) receptors via either the canonical (β-catenin dependent) or the noncanonical (β-catenin independent) pathway [11] . The canonical Wnt signaling pathway is activated through its ligands, which include Wnt1, 2, 3a, 8a, 8b, 10a, and 10b and through its receptors Fzd1, 5, 7 or 9 (http:// www.stanford.edu/group/nusselab/cgi-bin/wnt/). In the canonical pathway, the absence of a canonical Wnt ligand causes the sequestration of β-catenin by its degradation complex, which consists of adenomatous polyposis coli (APC), axin, disheveled (Dvl), casein kinase 1α (CK1α) and glycogen synthase kinase 3β (GSK3β) [7] . When β-catenin is associated with its degradation complex, β-catenin is initially phosphorylated by CK1α on Ser45, followed by phosphorylation on Ser33, Ser37, and Thr41 by GSK-3β [7] . The phosphorylated β-catenin is then polyubiquitinated by the β-transducin repeat-containing protein (β-TrCP1) complex for proteasomal degradation [7] . In the active state of the canonical pathway, the degradation of β-catenin is suppressed by the binding of a canonical Wnt ligand to a canonical Fzd receptor and a Low-density lipoprotein (LDL) coreceptor. The release of nonphosphorylated β-catenin from the degradation complex promotes the relocalization of the cytoplasmic pool of β-catenin into the nucleus, where it forms a complex with a specific T-cell factor/lymphoid enhancer factor (Tcf/Lef) for transcriptional activation [7] . Canonical Wnt signaling takes place when β-catenin and specific Tcf/Lef induce the transcription of several target genes, such as nuclear receptor subfamily 5, group A (NR5A2; Lrh-1), fibroblast growth factor (FGF20), dickkopf1 (DKK1), Wnt-1 inducible signaling pathway 1 (WISP1), and cyclin D1 (CCND1), reviewed in [12] .
More recently, there have been reports demonstrating that the β-catenin-independent or the noncanonical Wnt signaling pathway is involved in many cellular processes, including cellular differentiation [13] . The ligands of the noncanonical Wnt signaling pathway include Wnt4, 5a, 5b, 6, 7a, 7b and 11 and the receptors of this pathway consist of Fzd2, 3, 4 and 6 (http://www.stanford.edu/group/nusselab/cgi-bin/wnt/). The two major noncanonical Wnt signaling pathways are the Wnt/jun N-terminal kinase (JNK) pathway and the Wnt/calcium (Ca 2+ ) pathway, reviewed in [14] . The activation of the Wnt/calcium (Ca 2+ ) pathway ultimately leads to the binding of nuclear factor of activated T cells (NFAT) to specific DNA binding sites [15] . In addition, the induction of CaMKII can initiate the activation of nemo-like kinase (NLK), which has been shown to antagonize the downstream canonical Wnt signaling activities by phosphorylating Tcf1 [15] . Several studies have implicated the interconnectivity of the canonical and noncanonical Wnt signaling pathways in stem cell differentiation [16] .
One mechanism by which the interconnectivity of the canonical and noncanonical Wnt signaling pathways may be achieved is that the noncanonical Wnt signaling pathway may function as a negative regulator of the canonical pathway, especially through the Tcf/Lef transcription factors [13] . Although there are several canonical and noncanonical Wnt ligands and Fzd receptors, target gene activation or repression is modulated through only four transcription factors: T-cell factor 1 (Tcf1; Transcription factor 7, Tcf7, NM_201634), Tcf3 (Transcription factor 7-like 1, Tcf7l1, NM_031283), Tcf4 (Transcription factor 7-like 2, Tcf7l2, NM_001198525) and Lymphoid enhancer-binding factor (Lef-1, Transcription factor 7-like 3, Tcf7l3, NM_016269), reviewed in [17] . Several reports suggest that Tcf1, Tcf4, and Lef1 function as transcriptional activators and that Tcf3 functions as a transcriptional repressor [18] [19] [20] [21] [22] . Ishitani and colleagues [23] found that upon activation, the noncanonical pathway could repress the canonical pathway through increased phosphorylation of Lef1 on Thr-155/Ser166 residues and of Tcf-4 on Thr-178/Thr-189 residues by NLK. Phosphorylation of Lef1 and Tcf4 prevents the binding of these transcription factors to their Wnt responsive elements (WREs) [23] .
Tcf3 is a functional component of the Oct4/Sox2/Nanog circuitry for stem cell self-renewal [24] . Additionally, Chip-seq analyses demonstrated that many Tcf3-bound genes (at least 900 targets) were also bound by Oct4, Sox2 and Nanog [25] . In regard to its transcriptional repressive properties, Tcf3 binding to the promoter of Nanog reduced the transcription the stem cell marker, Nanog [19] . However, the loss of Tcf3 by RNA interference (RNAi) blocks the differentiation of ESCs [26] . These contrasting and somewhat contradictory results suggest that further assessment is needed concerning the roles of Tcf1 and Tcf3 in the activation and repression of specific target genes in ESCs before and during differentiation.
We explored the effects of RA on the canonical and noncanonical Wnt signaling pathways. We found that RA increased the expression of several canonical and noncanonical Wnt ligands and Fzd receptors, culminating in the repression of the downstream canonical Wnt signaling pathway. Additionally, RA treatment increased the expression of Tcf3, which plays a role in reducing downstream signaling of the canonical Wnt pathway in mESCs. Our data will contribute to the understanding of ESC biology, Wnt signaling, and retinoid pharmacology by describing a mechanism that delineates the opposing activities of Tcf1 and Tcf3 in the self-renewal and differentiation of wild type murine ESCs (WT mESCs).
Materials and Methods

Cell culture and chemicals
Wild-type murine ESCs (WT mESCs) and Cyp26a1 knockout (Cyp26a1 −/− ) mESCs were cultured in media containing 1 × 10 3 units/ml recombinant murine leukemia inhibitory factor (LIF; Cat. #LIF2010, Millipore, Billerica, MA) on gelatin-coated culture plates, as described in [27] . Cyp26a1 −/− mESCs were generated by the disruption of both alleles of Cyp26a1 through homologous recombination, as previously described in [28] . HPLC grade all-trans-retinoic acid (RA; Cat. #R2625, Sigma, Saint Louis, MO) was dissolved in 100% ethanol. To induce differentiation, RA was used at a final concentration of 1 μM by dilution in the culture media and all experiments involving RA were performed under dim light conditions.
RNA isolation, reverse transcription, and QRT-PCR
mESCs (1 × 10 4 ) were seeded in 60 mm gelatin-coated plates. The following day, cells were treated with fresh culture media containing RA or vehicle. After 48 hours, mESCs were harvested in TRIzol (Cat. #15596-026, Life Technologies, Norwalk, CT) and total RNA extraction was performed, as described by the manufacturer. QRT-PCR was performed after reverse transcription of isolated total RNA. Primers pairs used for PCR analysis can be found in Supplementary Table 1 .
Chromatin immunoprecipition (ChIP) assays
Approximately 1 × 10 6 WT mESCs and were treated with RA or vehicle. Post 48 hrs, treated cells were subjected to the one-step ChIP protocol, which employs formaldehyde cross-linking, as described in [27] . The following antibodies (2 μg) were used for these assays: rabbit polyclonal anti-Tcf3 (D15G11) antibody (Cat. #2883, Cell Signaling Technologies, Danvers, MA), rabbit polyclonal anti-β-catenin (Cat. #ab6302, Abcam, Cambridge, MA), rabbit polyclonal anti-HA antibody (Cat. #ab9110, Abcam), or secondary rabbit IgG (Cat. #sc-2027, Santa Cruz Biotechnology, Inc., Dallas, TX). The primer pairs used in these assays can be found in Supplementary Table 2 .
Immunoprecipitation (IP) and Western blot analyses
WT mESCs were seeded and treated with RA as described above. For the IPs, cell lystates (500 μg) were incubated with either 1 μg rabbit polyclonal anti-β-catenin or secondary rabbit IgG. For Western blotting, the following antibodies were used: mouse monoclonal anti βactin (1:10,000; Cat. #MAB1501, EMD Millipore, Billerica, MA), rabbit polyclonal anti-β-catenin (1:4000; Cat. #ab6302, Abcam), rabbit polyclonal anti-Tcf3 (described above), and rabbit polyclonal anti-phospho (Ser33/37/Thr41)-β-catenin (1:1000; Cat #9561, Cell Signaling Technology).
Luciferase assays
WT mESCs were transiently cotransfected with 3 μg of TOPFlash [29] , FOPflash [29] , NFAT luciferase [30] (Cat. #10959, Addgene, Cambridge, MA), or Cyp26a1 luciferase (Cyp26a1-luc) construct with 500 ng pRL Renilla luciferase vector control by using Lipofectamine LTX reagent (Cat.# 15338-100, LifeTechnologies), as described by the manufacturer's protocol. Post-transfection (24 hours), WT mESCs were treated with either RA or vehicle for 24 hours. Luciferase activity was determined as described by the manufacturer's protocol in the Dual-Luciferase Reporter Assay System (Cat. #E1910, Promega, Madison, WI).
Generation of stable Luciferase and Tcf1 cell lines
To generate stable luciferase cell lines, WT mESCs were co-transfected pLKO.1 and either TOPFlash, FOPflash, NFAT-luc [30] or Cyp26a1-luc. Also, the mESC-Tcf1HA cell line was generated by transfecting a HA-tagged Tcf1 cDNA driven by the CMV promoter [31] . Finally, shRNA constructs, cloned into the pLKO.1 puro vector [32] , targeting Tcf3 were transduced into mESCs by lentiviral infection.
Statistical analysis
All experiments were conducted in at least three independent biological assays and results, where applicable, are presented as mean±SEM. All statistical analyses were performed using Prism 4.0a (GraphPad, Inc.).
Additional materials and methods
RNA isolation and reverse transcription, the ChIP assays, the IP/Western blotting analyses, and the generation of stable cell lines are further detailed in the Supplementary Materials and Methods.
Results
Retinoic acid (RA) increases the expression of canonical and noncanonical Wnt ligands and Frizzled (Fzd) receptors
To determine if RA treatment could initiate the activation of upstream Wnt signaling events, we assessed the transcript levels of various Wnt ligands and Fzd receptors of the both the canonical and noncanonical Wnt signaling pathways after treating WT mESCs with RA. Interestingly, we found increased expression of both canonical (Figure 1 A) and noncanonical (Figure 1 B ) Wnt ligands and Fzd receptors. There was at least a 3-fold increase (as compared to that of untreated mESCs) in the transcript levels of the canonical Wnt ligands (Wnt 2, Wnt 3a and Wnt 8a) as well as the canonical Fzd receptor (Fzd 1) in cells treated with RA for 48 hours (Figure 1 A) . After 48 hrs of RA administration we also detected significant fold increases in the transcript levels of the noncanonical Wnt ligands and receptors -Wnt 5a (∼4.5 fold increase), Wnt 7a (∼6.0 fold increase), Fzd 2 (∼3.2 fold increase), and Fzd 6 (∼6.0 fold increase) (Figure 1 B) .
RA reduces the phosphorylation of β-catenin in a time-dependent manner
Changes in the phosphorylation status of β-catenin have been implicated in stem cell selfrenewal and differentiation [9] . WT mESCs treated with RA for 48 hours showed approximately a 50% decrease in the amount of phosphorylated β-catenin compared to that of vehicle-treated WT mESCs ( Figure 2 Aiii and 2 Bii). Also, we observed a significant reduction in phosphorylated β-catenin compared to that of vehicle-treated WT mESCs at 24 hr after RA treatment ( Figure 2 Aiii and 2 Bii), indicating that the reduced phosphorylation of β-catenin is likely to be a secondary RA response. In contrast, we did not see significant changes in the levels of nonphosphorylated β-catenin (total β-catenin) protein in RA-treated cells (Figure 2 Ai and 2Bi). We conclude that RA reduces (as a secondary response) the phosphorylation of β-catenin, which would lead to the association of β-catenin with transcription factors involved in differentiation, such as Tcf3.
Since there was a significant decrease in the phosphorylated β-catenin levels at 24 hours post-RA addition, we determined possible changes in the transcript levels of the members of the β-catenin degradation complex. At 48 hours post RA addition, we detected no significant changes in the transcript levels of Axin 1, Disheveled 1, and Caesin kinase 1α ( Supplementary Fig. 1 ).
The activities of the canonical and noncanonical Wnt signaling pathways are modified by RA
To determine the potential crosstalk between the canonical and noncanonical Wnt signaling pathways induced by RA, we performed luciferase assays that measure the activities of the canonical (TOPFlash-luciferase) and noncanonical (NFAT-luciferase) Wnt signaling pathways in WT mESCs cultured in the presence of RA or vehicle. The 8× TOPFlash construct has been used extensively to characterize the activation of canonical Wnt signaling downstream events [16, 29] . We employed the NFAT-luciferase construct, which contains NFAT binding sites, to determine the activity of the noncanonical Wnt signaling pathway [33] . In vehicle-treated WT mESCs, there was a higher amount of TOPFlash-luciferase activity (∼35 units) compared to that of NFAT-luciferase activity (∼20 units; Figure 3 A). After 24 hours of RA treatment, we detected an 18% decrease in TOPFlash-luciferase activity, compared to the TOPFlash activity in RA (-) cells. Also, we detected a significant increase (65% increase) in NFAT-luciferase activity after RA addition (Figure 3 A) .
Additionally, the effects of RA on downstream Wnt signaling were dose-dependent (Figure  3 B ). WT mESCs stably expressing comparable levels of exogenous TOPFlash luciferase, NFAT luciferase or Cyp26a1 luciferase constructs were used for these luciferase assays ( Supplementary Fig. 2 A) . The Cyp26a1 luciferase construct, which contains two RAREs in the Cyp26a1 promoter, functioned as a positive indicator of induction by RA ( Supplementary Fig. 2 B) . Here, we found that ESCs treated with RA had increased noncanonical Wnt signaling at the expense of downstream canonical Wnt signaling, suggesting that differentiation of ESCs may in part be dependent on the noncanonical Wnt signaling pathway.
The levels of transcripts of downstream canonical and noncanonical Wnt signaling target genes are changed by RA signaling
Many studies have demonstrated that Tcf1 functions to maintain the activation of the canonical Wnt signaling pathway, while Tcf3 can suppress this pathway [18, 19, 24, 26, 34, 35] . To delineate further the role of RA on the transcript levels of Wnt signaling downstream targets, we also used Cytochrome P450 hydroxylase A1-null (Cyp26a1 −/− ) mESCs. Cyp26a1 is responsible for metabolizing RA into its polar metabolites, 4-oxo-and 4-hydroxy-RA [28] . Thus, Cyp26a1-deficient mESCs have higher intracellular concentrations of RA compared to those of their wild-type counterparts [28, 36] . We observed a ∼0.5 fold and a ∼0.75 decrease in Tcf1 transcript levels in WT and Cyp26a1 −/− mESCs, respectively (Figure 4 Ai). In contrast, we detected at least a 3.5 fold increase in Tcf3 transcript levels in WT and Cyp26a1 −/− mESCs after RA administration. Also, the differences in the Tcf3 transcript levels between WT and Cyp26a1 −/− mESC were statistically significant (Figure 4 Aii). In line with these data, we found a significant decrease in Liver receptor homolog-1 (Lrh-1; also known as Nuclear receptor subfamily 5, group A, member 2, NR5A2) transcript in both WT and Cyp26a1 −/− mESCs; Lrh-1 is a direct target of Tcf1 [24] (Figure 4 Aiii) and Lrh-1 has been implicated in maintaining the pluripotent/stem cell state of mESCs [37] . Also, there were significant increases in the transcripts of Cysteine-rich, angiogenic inducer, 61 (Cyr61; ∼3.8 for WT mESCs and ∼7.7 for Cyp26a1 −/− mESCs) and Zinc finger protein family member 5 (Zic5; ∼3.5 for WT mESCs and ∼5.0 Cyp26a1 −/− mESCs) after 48 hours of RA treatment (Figure 4 Biv and v). Therefore, RA decreases the transcript levels of the stem cell marker, Lrh-1, and increases the transcript levels of the differentiation markers, Cyr61 and Zic5. These data suggest that RA reduces the downstream signaling events of Tcf1 and enhances those of Tcf3.
To determine if the expression of downstream Wnt targets could be altered by the combination of RA administration and changes in Tcf3 expression, we generated two mESC lines in which Tcf3 was knocked down by two different shRNA constructs (Supplementary Fig. 3 A and C) . Additionally, we found that the shRNA constructs targeting Tcf3 were, in fact, Tcf3-specific because there were no significant changes in Tcf1 expression ( Supplementary Fig. 3 B) . In mESCs in which Tcf3 expression was ectopically reduced by shRNA (sh310 and sh353) , the transcript level of Lrh-1 was increased in both vehicle-and RA-treated mESCs (Figure 4 Bi). Interestingly, in sh310 mESCs we observed a significant increase in the expression of Lrh-1 after RA administration compared to vehicle-treated sh310 mESCs (Figure 4 Bi). In sh310 and sh353 mESCs, we found levels of Zic5 expression comparable to that of WT mESCs (Figure 4 Bii). Also, we did not detect increased Zic5 expression in sh310 and sh353 mESCs after RA administration. For mESCs transduced with the empty pLKO.1 vector (Emp.), the expression of both Lrh-1 and Zic5 was similar to that of the parental mESCs after administration of both vehicle and RA (Figure 4 B) .
RA influences the binding properties of the transcription factors, Tcf1 and Tcf3, at their target promoter regions
Chromatin immunoprecipition (ChIP) assays were used to determine how RA alters the levels of Tcf1 and Tcf3 at target promoter regions ( Figure 5 ). At the Lrh-1 promoter, a target of Tcf1 [24] , we observed a statistically significant decrease in Tcf1 occupancy in WT mESCs treated with RA (∼0.45 bound DNA/input DNA versus ∼0.25 bound DNA/input; Figure 5 A, left panel). In contrast, we observed an increase in Tcf3 binding to the promoter of Lrh-1 in WT mESCs treated with RA (∼0.2 bound DNA/input DNA versus ∼0.5 bound DNA/input DNA; Figure 5 A, right panel) . The data from the ChIP analysis confirm that Tcf3 functions as a transcriptional repressor of Lrh-1.
At the promoter regions of Cyr61 and Zic5, targets of Tcf3, we detected higher amounts of bound Tcf3 in the (+) RA condition (Figure 5 B and 5C ). The ratios of bound DNA to input DNA for the Tcf3 ChIPs were as follows: Cyr61 (∼0.3 bound DNA/input DNA in the absence and ∼0.55 bound DNA/input DNA in the presence of RA) and Zic5 (∼0.1 bound DNA/input DNA in the absence and ∼0.45 bound DNA/input DNA in the presence of RA) ( Figure 5B and 5C, right panels). Conversely, the ChIP analyses showed that the level of Tcf1 binding at the promoters of Cyr61 and Zic5 was statistically significantly reduced by ∼50% for Cyr61 and by ∼66.7% for Zic5 by RA treatment (Figure 5 B and C, left panels).
Since it is well established that RA plays a critical role in reducing the pluripotency of mESCs [38, 39] and Tcf3 is involved in the Oct4, Sox2 and c-myc stem cell network [24] , ChIP analysis was performed to determine if there is a correlation between the reduced expression of these stem cell target genes by RA and promoter occupancy by Tcf3. We found that Sox2 and Oct4 transcripts were reduced in WT mESCs treated with RA ( Supplementary Fig. 4 ). We detected a higher amount of Tcf3 binding at these target gene promoters ( Figure 5 D and 5E, right panels). Also, the increased binding of Tcf3 at these promoters was in contrast to reduced Tcf1 binding at the Sox2 and Oct4 promoters ( Figure 5 D and 5E, left panels). These data are consistent with the observation that the transcript levels of Sox2 and Oct4 are statistically significantly reduced in WT mESCs that are cultured in the presence of RA for 48 hours ( Supplementary Fig. 4 ). Thus, RA has a role in the stem versus differentiated states of ESCs by modifying the association or dissociation of the transcription factors, Tcf1 and Tcf3, at specific promoter regions ( Figure 5 ).
β-catenin interactions with transcription factors remain constant in (-) RA-and (+) RAtreatment groups
In addition to the association of Tcf1 and Tcf3 at target promoters, we wanted to determine if RA could modify the binding of β-catenin to the target promoters mentioned in Figure 5 . Based on ChIP assays, we found no significant changes in the association of β-catenin at the promoters of Lrh-1, Oct4, Cyr61, and Zic5 (Figure 6 A-D) . As determined by immunoprecipitation/Western blotting assays, we found that β-catenin interacts with Tcf3 in both the absence and presence of RA (Figure 6 E) . Although RA modifies the binding of Tcf1 and Tcf3 transcription factors to target promoters, β-catenin still interacts with these transcription factors in both the presence and absence of RA.
Discussion
RA can induce changes in activation of both the canonical and the noncanonical Wnt signaling pathway in ESCs
Despite the large body of information regarding the role of Wnt signaling in stem cell and cancer biology, there are still many unanswered questions concerning the mechanistic events involved in Wnt signaling and ESC differentiation. The focus of this study was to augment knowledge in this field by investigating the role of retinoic acid (RA) has in the canonical and noncanonical Wnt signaling pathways in ESCs. Here, we found that RA increased the expression of the upstream targets of both the canonical (Wnt ligands, Frizzled receptors, and the reduction of phosphorylated β-catenin) and noncanonical (Wnt ligands and Frizzled receptors) Wnt signaling pathways (Figures 1 and 2 ).
Although we observed increased expression of upstream targets of both the canonical and noncanonical Wnt upstream signaling events, RA treatment of WT mESCs reduced downstream canonical Wnt signaling events as determined by reduced TOPFlash luciferase activity ( Figure 3 ) and reduced target gene expression after RA treatment ( Figure. 4) . Conversely, WT mESCs treated with RA exhibited increased NFAT-luciferase activity, a reporter for noncanonical Wnt signaling activation (Figure 3 ), increased Tcf3 gene expression, and increased Tcf3 target gene transcript levels (Figure 4) . Here, we observed that RA could activate one arm of the Wnt signaling pathway (Figure 3 ) while suppressing the second arm of this pathway. It has been demonstrated that the noncanonical Wnt signaling pathway, at the expense of the canonical Wnt signaling pathway, has the ability to promote murine endothelial cell differentiation [40] , and the differentiation of human mesenchymal stem cells into various lineages [41] .
RA modifies the expression and promoter binding of the transcription factors, Tcf1 and Tcf3
There is a wealth of information regarding the roles that Tcf1 and Tcf3 play in embryonic stem cell pluripotency/self-renewal and differentiation. The majority of these studies suggest that Tcf3 acts as a transcriptional repressor in murine embryonic stem cells [18, 19, 26] . Tcf3 has been described as a component of the core regulatory circuitry of ESCs, which also includes Oct4, Nanog, and Sox2 [18, 24] . In addition, the transcriptional repressive activities of Tcf3 have been observed during gastrulation in the mouse [21] , hair follicle stem cell differentiation in the mouse [21] , and neural pattering in zebrafish [42] . Here, we found that RA reduced the expression of the stem cell markers Sox2 and Oct4 ( Supplementary Fig. 4) , as well as the transcription factor, Lrh-1 (NR5A2) (Figure 4 Aiii). Reduced transcript levels of these genes, after RA treatment, could result in part from increased Tcf3 expression ( Fig.  4Aii) . Additionally, the effects of RA on the transcript levels of Tcf1, Tcf3, Lrh-1, Cyr61, and Zic5 were enhanced in the Cyp26a1-deficient mESCs compared to WT mESCs (Figure  4 A) . The increased expression of Tcf3 (Figure 4 Aii) upon RA addition would increase transcriptional repression by occupying promoter regions of these genes (Lrh-1, Sox2 and Oct4) that are involved in maintaining the self-renewal properties in mESCs ( Figure 5 ). Interestingly, we found that after RA treatment there were: 1) an increase in transcript levels of Zic5 and Cyr61 (Figure 4 iv and v), proteins involved in mediating stem cell differentiation, and 2) an increase in binding of Tcf3 to these promoters ( Figure 5 ).
Here, we examined if Tcf3 possibly could function as a gatekeeper regulating the expression of genes involved in stemness and differentiation. In mESCs transduced with shRNA targeting Tcf3 ( Supplementary Fig. 3 ), we found higher transcript levels for Lrh-1 and lower transcript levels for Zic5, compared to those of WT mESCs and Emp. mESCs (Figure 4 Bi and ii). Also, there was no increase in the transcript level of Zic5 after RA administration. This observation stands in contrast to Zic5 transcripts in WT mESCs after RA administration (Figure 4 Bii) . These results suggest that in the absence of Tcf3 there is increased transcription of Lrh-1 (a gene related to stemness) and reduced transcription of Zic5 (a gene related to differentiation). One explanation is that in mESCs with diminished Tcf3 levels there is no competitor for promoter binding of Tcf1 to induce or repress transcription. Similar to these data, in mESCs with ablated Tcf3 Yi and colleagues observed an increase in various stem cell markers such as Nanog, Klf4, Esrrb and Tbx3 [19] . Conversely, they found that in TCF3 −/− mESCs markers of differentiation, including Id2, Cyr61, and Krt8, were reduced [19] . This information suggests that proper regulation of both the noncanonical and canonical Wnt signaling paths is critical for maintaining stemness or promoting differentiation.
Interestingly, we found that the association of β-catenin at the promoters of Lrh-1, Oct4, Cyr61, and Zic5 remains relatively unchanged in both (-) RA and (+) RA treatment groups (Fig. 6 ). This observation of relatively constant β-catenin/target promoter association in (-) RA-versus (+) RA-treatment groups may be explained by the fact that Tcf1, Tcf3, Tcf4, and Lef1 all have the same β-catenin binding domain at their N-termini [43] . Based on these data, β-catenin can associate with either Tcf1 or Tcf3 at target promoters and may not have a direct role in the binding of these transcription factors.
In a model proposed by Cole and colleagues [44] , which was based on ChIP-on-chip microarrays, Tcf3 can exist in either an activating or a repressive complex in standard conditions. Thus, Tcf3 can have dual functions: 1) it can repress β-catenin target genes by recruiting specific co-repressor factors; 2) it can function as an activator by recruiting different sets of cofactors [45] . The repressive role (Lrh-1, Fig. 5 ) and activator role (Zic5 and Cyr61, Figure 5 ) of Tcf3 may be explained by the fact that many isoforms of the Tcf family are generated by alternative splicing and dual promoter usage [43] . For instance, Tcf3 isoforms that contain LVPQ and SXXSS motifs in their C-terminal context-dependent regulatory domain have been identified as repressors [46] . Also, Wnt target genes are regulated through the binding of Tcf/LEF factors to Wnt responsive elements (WREs) at the consensus sequence CCTTTGWW (W=A/T) via the high mobility group (HMG) box of Tcf/LEF factors [47, 48] . Even though the HMG box is highly conserved among the Tcf family members, each member or isoform can have different affinities for specific WREs [49] . A possible hypothesis as to how Tcf3 may function both as a repressor and as an activator is that RA increases the expression of Tcf3 and may also increase the expression of specific isoforms that repress specific WREs, i.e. Lrh-1 ( Figs. 4 and 5) , and activate other WREs, i.e. Zic5 and Cyr61 (Figures 4 and 5) . Further studies will have to be performed to determine if RA can change the expression patterns of the various isoforms of Tcf1 and Tcf3.
The noncanonical Wnt signaling pathway may cooperate with RA-induced ESC differentiation by antagonizing the canonical Wnt signaling pathway
A possible mechanism connecting retinoid signaling to the antagonistic effects of the noncanonical Wnt signaling pathway to that of the canonical pathway in mESCs is that the increased activation of the noncanonical Wnt pathway suppresses downstream events of the canonical pathway. Nemo-like kinase (NLK) and nuclear factor of activated T cells (NFAT) are downstream effectors in the noncanonical Wnt pathway and NLK can phosphorylate Tcf/Lef, prompting Tcf/Lef dissociation from target promoters and allowing increased Tcf3 binding [11] . Potentially, RA contributes to increased Tcf3 binding via activation of the noncanonical Wnt signaling pathway because we demonstrate that RA increases the expression of noncanonical Wnt ligands and Frizzled receptors (Figure 1) . A recent study by Hoffman and colleagues found that Tcf3 functions as a transcriptional repressor to prepare mESCs for lineage differentiation [35] . Based on previous work [50] , which employed ChIP-on-chip microarrays to determine potential RAREs in promoters in ESCs, we suggest that RA modifies the transcript levels of Tcf1 and Tcf3 as a secondary response because no RAREs were found in the promoters of Tcf1 or Tcf3.
Here, we outline a novel role for RA in stem cell biology through its activation of the noncanonical Wnt signaling pathway, which has been demonstrated to antagonize the canonical Wnt signaling pathway. Here, we used a mechanistic approach to determine the role of RA in Wnt signaling; however, we are currently investigating the biological effects (e.g. modification of cellular fate) that RA and noncanonical Wnt signaling have in ESC differentiation. In the absence of RA, canonical Wnt signaling is activated, which allows the binding of Tcf1 to specific WREs and maintains the expression of markers of stemness (Figure 7 A) . RA reduces Tcf1 transcript level and increases Tcf3 transcripts, which promotes the expression of Tcf3-specific targets. Through the activation of the noncanonical Wnt signaling pathway RA increases the binding of Tcf3 to WREs, where Tcf3 functions as a transcriptional repressor or activator (Figure 7 B) . These results could help to answer questions regarding the roles of Wnt signaling in regulating the balance between stemness and the differentiation of ESCs. Coordinating and modifying the expression of self-renewal and differentiation target genes in the canonical and noncanonical Wnt signaling pathways by using pharmacological agents, such as RA, could be useful in driving differentiation for therapeutic uses of stem cells.
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Figure 1. Treatment of WT mESCs with RA results in higher transcript levels of canonical and noncanonical Wnt ligands and receptors
Quantitative Real-Time (QRT) PCR analysis was used to determine the transcript levels of canonical (A) and noncanonical (B) Wnt ligands and Frizzled receptors in WT mESCs cultured as untreated (white bars), with vehicle (grey bars), or with 1 μM RA (black bars) for 48 hours. Bars represent the mean of three independent experiments ± SEM where **, p<0.01 and ***, p<0.001. Note that the y-axes are not the same for all of the graphs. Quantitative ChIP assays for WT mESCs cultured in the absence (white bars) or in the presence (black bars) of RA for 48 hours. Soluble protein/chromatin complexes were immunoprecipated with either an anti-HA antibody, an anti-Tcf3 antibody, or IgG (negative control), and QRT-PCR was performed to amplify promoter regions of Lrh-1 (A), Cyr61 (B), Zic5 (C), Sox2 (D), and Oct4 (E). Each bar represents the ratio of the PCR signal intensities of the antibody-or IgG-bound DNA to that of the DNA input. The data in the bar graphs represent the mean of three independent experiments ± SEM, where *, p<0.05, **, p<0.01 and ***, p<0.001. Figure 6 . β-catenin remains bound to target promoter regions in both the absence and presence of RA (A-D) Quantitative ChIP assays for WT mESCs cultured in the absence (white bars) or in the presence (black bars) of RA for 48 hours. Protein/chromatin complexes were immunoprecipitated with either an anti-β-catenin antibody or IgG and QRT-PCR was performed to amplify promoter regions of Lrh-1 (A), Oct4 (B), Cyr61 (C) and Zic5 (D). Note that the y-axes are different for the bar graphs. (E) Immunoprecipitation (IP) assays were performed to determine the interaction of βcatenin and Tcf3. Protein lysates (500 μg) harvested from WT mESCs cultured in the absence or in the presence of RA for 48 hours were immunoprecipitated with an anti-βcatenin antibody and Western blotting was performed using an anti-Tcf3 antibody (top panel). Also, Western blots were performed to determine the expression of Tcf3 (middle panel) and β-actin (bottom panel) in 20 μg of the total cell lysate from both treatment groups. These IPs/Western blots are representative of three independent experiments. (A) In pluripotent conditions or in the absence of RA, the canonical Wnt signaling pathway activation culminates with Tcf1 and β-catenin binding to selective Wnt response elements (WREs; white boxes) and induction of the transcription of genes necessary for pluripotency/ stemness. (B) In presence of RA, the noncanonical Wnt signaling pathway is activated and its downstream effects cause a reduction in the expression of Tcf1 and in the binding of Tcf1 at specific Tcf1-specific WREs. This reduction in WRE promoter binding, along with increased expression of Tcf3, enhances the ability of Tcf3 to bind Tcf1-selective WREs, reducing the transcription of genes necessary for maintaining the pluripotent/stem cell state.
